This article presents the validation of a technique to assess the appropriateness of a 2 degree-of-freedom model for the human knee, and, in which case, the dominant axes of flexion/extension and internal/external longitudinal rotation are estimated. The technique relies on the use of an instrumented spatial linkage for the accurate detection of passive knee kinematics, and it is based on the assumption that points on the longitudinal rotation axis describe nearly circular and planar trajectories, whereas the flexion/extension axis is perpendicular to those trajectories through their centers of rotation. By manually enforcing a tibia rotation while bending the knee in flexion, a standard optimization algorithm is used to estimate the approximate axis of longitudinal rotation, and the axis of flexion is estimated consequently. The proposed technique is validated through simulated data and experimentally applied on a 2 degree-of-freedom mechanical joint. A procedure is proposed to verify the fixed axes assumption for the knee model. The suggested methodology could be possibly valuable in understanding knee kinematics, and in particular for the design and implant of customized hinged external fixators, which have shown to be effective in knee dislocation treatment and rehabilitation.
Kinematic skeletal models of the knee are often needed for a variety of applications, such as human movement analysis, rehabilitation devices design, and prostheses implantation. Such models may be adapted to specific subjects by adjusting the parameters defining joint location. Although knee joint kinematics is three-dimensional and requires the description and measurement of six motion components (Chao, 1980; Grood & Suntay, 1983) , simplified models have been proposed in the literature, which only retain the main functional joint axes. For instance, simplified models have been used for biomedical assessment (Churchill et al., 1998; Most et al., 2004; Piazza & Cavanagh, 2000; Asano et al., 2005; Schache et al., 2006) , where the knee was modeled as a single degree-of-freedom (df ) joint, having one axis of rotation. To estimate this axis, several procedures were also proposed, the majority of which are based on measurements of surface markers (Halvorsen et al., 1999; Halvorsen, 2003; Schwartz & Rozumalski, 2005) . Although knee motion is dominated by the rotation around the flexion/extension axis, movements about secondary axes occur, and in these cases, functional methods to robustly estimate a fixed average axis of rotation have been proposed, such as by Gamage and Lasenby (2002) , Cerveri et al. (2005) , and Chang and Pollard (2007) . A comparison among some of previously reported techniques for determining the axis of rotation of human joints from marker measurements was presented by Ehrig et al. (2007) , and more recently by MacWilliams (2008) .
Despite the well-established approach, the main disadvantage of using noninvasive determination of joint motion from reflective markers is due to the relative movements between the markers and the bone, which are the main causes of artifacts Taylor et al., 2005; Stagni et al., 2005) .
More reliable results, despite the related ethical aspects, may be achieved by using direct fixation to bony segments. In these cases, instrumented spatial linkages (ISLs) have demonstrated their ability to accurately detect full three-dimensional joint kinematics. They were used for either in vitro (Sorger et al., 1997; Lewandowski et al., 1997; Jan et al., 2002) or in vivo (Townsend et al., 1977; Shiavi et al., 1987; Salvia et al., 2000) measurement, although these latter are complicated by the requirements for adequate fixation. Invasive techniques, through direct fixation to bones, have been used by Gardner et al. (1996) and Ishii et al. (1997) .
In this work, a technique that employs an ISL for simultaneously estimating both the functional flexion/ extension axis and the longitudinal internal/external rotation axis of the human knee is presented and validated. The proposed procedure retains the main concept of the mechanical axis finder developed by Hollister et al. (1993) , and recently improved by Roland et al. (2010) , which is based on the assumption that points on the longitudinal axis describe nearly circular and planar trajectories, whereas the flexion axis is approximately perpendicular to those trajectories through their centers of rotation. One main advantage of the proposed technique is that both axes are identified simultaneously, from a onestep process. Moreover, a general procedure is introduced to verify, in a quantitative manner, if a simplified 2 df model well suits a three-dimensional knee kinematics. A verification of the assumption of fixed axes of flexion and longitudinal rotation on cadaveric specimens would then support the understanding of knee kinematics and further investigate the hypothesis of fixed axis of rotation vs. instant center of rotation, which was formulated by some researchers, such as Smith et al. (2003) and Williams and Logan (2004) .
Methods

Instrumented Spatial Linkage
The mechanical linkage adopted for measuring knee kinematics is illustrated in Figure 1 and described in detail in Gatti et al. (2010) . It consists of a serial chain of seven aluminum links directly connected to each other by revolute optical encoders, with a resolution of about 0.044 deg. It is used to estimate the pose of its distal link (assumed to be rigidly connected to the tibia) relative to the proximal (assumed to be rigidly connected to the femur), so as to detect the envelope of knee motion. Its accuracy is estimated to be 0.183 ± 0.081 mm and 0.085 ± 0.036 deg after kinematic calibration and geometrical error compensation, as reported in Gatti and Danieli (2007) . To mathematically describe the acquired knee motion, two orthogonal frames, {B} and {E}, are attached to the femur and tibia, respectively, as depicted in Figure  2a , and the transformation matrix T E B -describing the pose of frame {E} on the tibia relative to frame {B} on the femur-is estimated from the transducer readings and the linkage geometry through the direct kinematic model.
Data Collection and Acquisition Protocol
To estimate the dominant axes of knee motion, a data collection procedure is performed, where a reciprocating tibia rotation is enforced during flexion and extension. The identification technique is based on the assumption that knee kinematics is approximated by a functional flexion/extension (FE) and an auxiliary longitudinal rotation (LR) of the tibia respect to the femur (Blankevoort et al., 1988; Wilson et al., 2000) . The LR axis is identified in frame {E} by two points (referred to as A and B in the text) fixed to the tibia, which perform the most-likely planar trajectories during motion. The FE axis is then identified in frame {B} on the base of the trajectories of points A and B. Figure 2a and the animation in the movie attached to the electronic version show the trajectories of four points A, B, C, and D attached to the tibia, as the latter performs a combined movement of flexion and reciprocating longitudinal rotation around fixed axes. It is noted that only points A and B, aligned to the longitudinal axis, describe coplanar and circular trajectories. To practically apply the identification procedure, the femur is grounded and the tibia is manually bent and extended, while a reciprocating longitudinal internal/ external rotation is imposed. The envelope of motion is measured by the ISL assembled as shown in Figure 1 .
Estimate of the Dominant Axes
With reference to Figures 2a and b, the two unknown points-A and B, identifying the LR axis-are defined relative to points C and D, whose location is conveniently identified by the following homogeneous coordinates (in millimeters)
where the superscripts on the left-hand side indicate the frame relative to which coordinates are given. Points A and B are thus defined as
The trajectories described by A and B can be then computed in the absolute frame {B} as
where T E B is the transformation matrix describing knee motion and it is measured by the ISL, as discussed above.
To estimate the location of points A and B in frame {E}, a plane equation is fitted to each of their absolute trajectories using a standard least-squares algorithm, and a nonlinear optimization technique ("fminsearch" from MATLAB) is used to identify the best set of parameters R A , θ A , R B , θ B in Eq. (2), which minimizes the residual errors. The two planes obtained in this way are referred to as the optimum planes for points A and B.
The LR axis may be then defined in frame {E} as the axis through point A with a direction identified by the unit vector n LR = B -A
The FE axis is defined in frame {B} as follows. If n A and n B are the unit normal vectors to the optimum planes for points A and B, respectively, then the direction of the FE axis may be estimated as the "average" unit vector between those two, as
To identify the location of the FE axis, the trajectories of points A and B are projected onto their corresponding optimum planes and standard circle fitting is applied to determine their approximate centers of rotation. The midpoint between these two is assumed to belong to the FE axis.
Identification of the Simplified 2 df Knee Model
Once the FE axis and the LR axis are estimated, a 2 df kinematic model of the knee joint can be defined, as sketched in Figure 3a , by adopting the Denavit-Hartenberg (DH) convention, which describes the relative location between two consecutive axes in space (Craig, 1989 ). The kinematic model of the approximate 2 df knee joint defines the relative pose  T E B between frame {B} on the (2a, b) femur and frame {E} on the tibia, and it is given by the following consecutive transformation matrices
where frames {1}, {2}, and {3} are indicated in Figure  3a , and each transformation matrix in Eq. (4) is given as
tary translational/rotational transformation matrix along/ around the axis i = x, y, z of the displacement/angle " • ", respectively (Craig, 1989) ; θ i ,d i ,a i ,α i are the DH parameters of the 2 df knee model in Figure 3a ; ϕ FE ,ϕ LR are the angles of flexion and longitudinal rotation, respectively. It is worth noting that all parameters, except for d 2 ,a 2 ,α 2 ,d 3 are constant by definition, since they define the location of either the FE axis relative to frame {B} or the LR axis relative to frame {E}. In either case, as discussed above, such location is assumed to be fixed, once those two axes have been estimated. Parameters d 2 ,a 2 ,α 2 ,d 3 , instead, define the relative location between the FE axis and the LR axis. Their values may be variable, because the actual knee motion and, hence, the instantaneous location of points A and B (as measured in the absolute reference frame) is affected by measurement errors and by the fact that the FE axis and the LR axis may not be fixed, as assumed. The identification of these parameters is thus not unique, but a single approximate estimate may be determined by the corresponding average value throughout the acquired knee motion. This is the reason why the symbol "~" has been adopted in the transformation matrix of Eq. (4), which is, in fact, an approximation of the measured transformation matrix in Eq. (3). 
Validation of the Identification Procedure
To validate the procedure described above, computer simulated data are used at first. They are generated by means of a 2 df kinematic model of the knee joint, consisting of two nonintersecting and fixed axes of rotation, as that represented in Figure 3a . A 2 df mechanical hinged joint is finally used for an experimental test.
The simulated range of motion was based on the literature with reference to the passive knee joint motion (Blankevoort et al., 1988; Wilson et al., 2000) , and consisted of a maximum of 90 deg of flexion (followed by extension), and a maximum of 30 deg of reciprocating internal/external rotation of the tibia. The number of reciprocating cycles in the tibia longitudinal rotation was fixed to four per flexion/extension. The ideal relative pose between frame {B} and {E} is then computed in terms of the T E B transformation matrix. To simulate the application of the ISL and the unavoidable measurement errors, the inverse kinematics of the ISL is used to determine the transducer angles from simulated data, which are then corrupted by random errors within the transducers resolution. The "measured" transformation matrix T E B is then estimated by feeding these corrupted angles into the ISL direct kinematic model.
The performance of the identification procedure is given by the error between the identified axes of motion and the corresponding ones used to generate data. In particular, for each axis, the error is specified in terms of a linear and an angular component, respectively computed as the distance between two corresponding points on the axes and as the angle between these latter.
Verification of the Assumption
The approach described so far assumes that the axes of rotation of the knee are fixed (with respect to bones), so that the above-mentioned errors may be effectively calculated and adopted to quantify the performance of the identification procedure.
In the more general case, where those axes are not fixed, the proposed procedure still estimates two fixed average axes, the motion around which is thus an approximation of the actual knee motion.
To verify whether a 2 df model is a good approximation for the measured knee motion, a novel procedure is adopted. To this end, the 2 df knee model is attached to a 4 df additional kinematic chain consisting of three translational and one rotational joints, as indicated in Figure 3b . The inverse kinematics of the resulting 6 df auxiliary linkage is solved on the base of the measured knee motion (i.e., from the T E B matrix), and the root mean squared error (RMSE) of the values of the four additional joint variables is computed and given as indication of the deviation of the 2 df model from the measured motion. It is evident that in the case of a knee joint behaving as a pure 2 df system and in the ideal error-free case, the values of those four additional joint variables are zeros. On the contrary, in a more general case, the more distant the measured knee motion is from a 2 df kinematics, the further from zero the RMSE values of those four joint variables will be.
As a remark, it is worth noting that the linkage shown in Figure 3b is not meant to be a 6 df model of the human knee joint, but it is only used to assess the validity of the 2 df knee model assumption.
Results
The procedure for the identification of the two fixed axes of rotation was validated by running a number of 100 simulations. Each time, the parameters defining knee dimensions-as given by Eq. (5)-were varied to simulate different knee configurations and a number of 50 data samples were generated for each trial. The ranges of parameter used in simulation were defined according to the values listed in Table 1 . The error in the estimate of each axis is given by the root mean square of the corresponding error distribution. The LR axis was thus identified with a RMSE of about 0.67 mm and 0.24 deg, and the FE axis was identified with a RMSE of about 0.12 mm and 0.04 deg.
Two further simulations were run, as indications, to verify the assumption of the fixed axes of rotation. In these cases, the knee dimensions were set to the baseline values indicated in Table 1 . In a first simulation, only measurement errors were supplied to the model generating data, and in this particular case, the LR axis was identified with an error of 0.20 mm and 0.15 deg, while the FE axis was identified with an error of 0.10 mm and 0.03 deg. By then applying the inverse kinematics to the 6 df linkage in Figure 3b , an indication of the fixed axes assumption was inferred by the values assumed by the corresponding first four additional joint variables, as illustrated in Figure 4 . 
160 -20 to 20 A second simulation was performed, where the axis of FE was not fixed, but simultaneously translating of 10 mm and rotating of 5 deg in a linear fashion during motion. In this particular case, the errors in the estimate of the FE and LR axes were meaningless (since they were not constant), and the values assumed by the four additional joint variables in the 6 df linkage are illustrated in Figure 5 . Finally, the whole procedure described above was experimentally applied to the simple 2 df mechanical joint illustrated in Figure 6 , which was designed to have nominally fixed axes of FE and LR. Mechanical components were aluminum made and no bearing was used in assembling moving components: simple screw-bolt connections were adopted, so that small clearances in the joints were expected. The ISL was attached to the mechanical joint through the pairs of pins illustrated in the figure, and for this reason, the exact location of the FE and LR axes could not be known a priori (as in practical situations). Nevertheless, the identification procedure estimated the position of points A and B in frame {6} as 
Discussion
The validation of a methodology to estimate the dominant axes of FE and LR of the human knee has been presented in this paper. The procedure is based on previous observations and assumptions already adopted in the works by Hollister et al. (1993) for the development of their mechanical axis finder, and by Roland et al. (2010) who proposed their virtual axis finder. Both these systems allowed for the identification of one single axis at a time, while the procedure described in this paper does allow for the identification of both the FE axis and the LR axis simultaneously. A simplified 2 df model of the knee is then obtained from the estimated location and orientation of these two axes of rotation.
The results from validation show that the proposed procedure is able to estimate the two rotational axes in a 2 df model with an accuracy comparable to the methodology proposed by Roland et al. (2010) , without the need to perform a two-step process. In particular, the errors in identifying the position and orientation of the FE and LR axes were evaluated, respectively, as 0.67 mm and 0.24 deg, and 0.12 mm and 0.04 deg. However, it is worth noting that, here, the random errors introduced into the model to simulate real measurements are added at ISL joints level, while in the procedure described by Roland et al. (2010) they were added in the Cartesian position of the optical markers used for measurement.
Compared also to some other earlier works by Halvorsen et al. (1999) and Gamage and Lasenby (2002) or more recently by Schache et al. (2006) , Chang and Pollard (2007) and Ehrig et al. (2007) , which were mainly focused on the estimate of a single axis of rotation from skin markers data, the proposed procedure is based on the use of an ISL for data collection, which may be directly fixed to the bony segments, reducing the effect of artifacts due to skin movements, and thus improving the measurement accuracy at source.
Since the proposed identification procedure assumes that both axes of FE and LR of the human knee remain fixed to bones or vary slightly during motion, a novel approach is also formulated to verify such an assumption, which may not hold completely in clinical situations. To this end, the 2 df identified knee model is attached to a 4 df kinematic chain, to come up with a 6 df linkage, as illustrated in Figure 3b . By solving the inverse kinematics of such linkage from measured data, an indication of the deviation of the actual motion from that achievable by the simplified 2 df model is obtained. This is performed both in simulations and in an experimental test where a 2 df mechanical joint is adopted.
The results of this procedure are illustrated in Figures  4 and 5 for the simulated motion, and in Figure 7 for the experimental system. In particular, it is observed that, in the case of Figure 4 , which refers to the simulation with fixed axes of rotation, the RMSEs of the first four additional joint variables of the 6 df linkage, during motion, are quite low, and consistent to the simulated measurement errors. In the case of Figure 5 , instead, which refers to the simulation where the FE axis is moved both in position and orientation during motion, the RMSEs of those four joint variables increase greatly respect to the case of Figure 4 , and they all show a slight linear trend, which is consistent to the linear changes in the axis location. This indicates that a simplified 2 df model does not properly match the actual motion data. In the case of Figure 7 , which refers to the experimental system with nominally fixed axes of motion, the RMSEs of the four additional joint variables in the 6 df linkage seem to be consistent with the accuracy of the actual ISL used for measurement and with the accuracy of the assembled mechanical joint. In this case, however, the exact location of the axes of motion was not known a priori (due to the mechanical coupling of the ISL), so that an error in identifying those axes was not possible to be evaluated with confidence. Despite this, the LR axis is estimated by the position of points A and B in the reference frame attached to the tibia, and this axis is found to be approximately parallel to the reference axis y E , as from nominal design specifications. Furthermore, the orientation of the FE axis is estimated to be approximately parallel to the y B axis, again as from nominal design specifications. Within the accuracy of the experimental rig, a 2 df model is thus effectively consistent with the mechanical joint.
In conclusion, the proposed identification procedure is able to estimate an approximate location for the two quasi-fixed axes of FE and LR, while a verification procedure is used to give a quantitative indication of the compatibility of the actual knee motion with the identified 2 df kinematics: this allows assessing whether the two estimated axes of rotation are meaningful or not. The indication of how well a 2 df model would match real knee kinematic measurements could be then particularly valuable in clinical situations, where the proposed technique could be also potentially adopted for the correct design and implantation of hinged external fixators (Sommers et al., 2004; Fragomeni et al., 2006) , which are by themselves directly fixed to bones, and demonstrated their effectiveness in knee dislocation treatment and rehabilitation (Richter & Lobenhoffer, 1998; Simonian et al., 1998; Stannard et al., 2003; Fitzpatrick et al., 2005) .
